ABSTRACT Soft or "liquid-liquid" interfaces were functionalized by roughly half a monolayer of mirror-like nanofilms of gold nanoparticles using a precise interfacial microinjection method.
Polarizable soft interfaces between two immiscible electrolyte solutions (ITIES) have emerged as model platforms at which to study charge transfer reactions that impact energy research, chiefly the hydrogen evolution (HER) [1] [2] [3] [4] [5] and oxygen reduction reaction (ORR). [6] [7] [8] [9] [10] [11] Soft interfaces also represent an ideal system at which to self-assemble molecules or nanoparticles (NPs) into 2D films that are defect-free, mechanically flexible and exhibit self-recovery. 12, 13 A variety of functionalized soft interfaces have been realized by the self-assembly of supramolecular arrays, 8 noble metallic NPs, [14] [15] [16] magnetic particles such as Fe2O3 17 and quantum dots. 18 Energy related reactions may be favored by soft interfaces functionalized with adsorbed catalytic species either molecular, such as porphyrins, 6, 7 or solid nanoparticles, such as MoS2 for the HER 4 or Pt 9 and reduced graphene oxide 10 for the ORR. Often, the role of the adsorbed interfacial species is to accept and store electrons from a molecular donor in the organic phase, relay them to an electron acceptor, and provide a binding site for reactive intermediates.
Functionalization of soft interfaces with self-assembled films of gold NPs (AuNPs) is an area of avid research for technological applications ranging from optics (flexible mirrors and filters), 16, 19 to sensors, 20, 21 to biomedical research (size-selective dialysis membranes and drug-delivery capsules), 22 to catalysis, 23 etc. Several methods exist to induce the self-assembly of AuNPs at soft interfaces. Since Reincke and co-workers 24 reported the spontaneous self-assembly of AuNPs at a water | heptane interface following the addition of alcohol, numerous alternative approaches have been described to trigger the assembly of metallic NPs at soft interfaces. 15, 25, 26 The alcohol injection method is still one of the most convenient but requires introducing a substantial volume of alcohol (at least 10 vol. %) [27] [28] [29] close to the interface and lacks a precise control of the interfacial surface coverage of AuNPs in the film.
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The redox properties of metallic NPs, and by extension their self-assembled 2D films, depend directly, but not exclusively, on the excess charge present on the metallic NP. 30 The latter may be either electronic or due to the presence of adsorbed ionic species or ligands. However, adsorbed neutral ligands also influence the redox properties of metallic NPs by altering their surface potential. 30 The Fermi level of the electrons in metallic NPs ( When more than one redox couple is present in a solution, a thermodynamic equilibrium should be reached between all redox couples. However, due to kinetic limitations, the system may remain out of equilibrium. In this instance, the addition of colloidal NPs can catalyze Fermi level equilibration in solution, and this process is called redox catalysis. 31, 32 Another scenario involves having two different redox couples present in separate immiscible phases, for example ferri/ferrocyanide in the aqueous phase and ferrocenium/ferrocene in the adjacent organic phase.
At equilibrium, the Fermi levels of the electrons in both phases are aligned, but analogous to homogenous systems, equilibrium may not be reached due to kinetic limitations. Indeed, such is the case for the decamethylferrocenium/decamethylferrocene (organic phase) and 2H + /H2
(aqueous phase) redox couples. 33 Adsorption of a suitable catalyst at the liquid-liquid interface can significantly enhance the reaction rates, thereby achieving interfacial redox catalysis at functionalized soft interfaces. 34 It is important to note that soft interfaces are polarizable and therefore offer an additional parameter to control the position of equilibrium: the Galvani potential difference across the interface (
. 35 The flow of current across the interface to reach a new equilibrium can be manipulated or even reversed in direction by adjusting by NPs adsorbed at the soft interface. These abilities identify polarizable functionalized soft interfaces as an excellent model system to study interfacial redox catalysis at adsorbed species.
Heterogeneous electron transfer (HET) reactions at the ITIES are known to be potential dependent, i.e. dependent on the interfacial polarization, but it is difficult to evaluate how much of the overall polarization is active as a local driving force. In the early days, these reactions were thought to take place solely by true HET, as suggested by Samec et al. 36 for the system comprising K3/4[Fe(CN)6] in water and ferrocene in the organic phase, meaning that an aqueous redox couple is supposed to react with an organic redox species only at the interface where ET reactions occur.
However, it was then postulated e.g. by Kihara et al. 37 , Osakai et al. 38 and Katano et al., 39 that one of the reactants can in fact partition to undergo an homogenous ET, with associated ion transfer (IT) reactions, and that the current measured was not always due to an heterogeneous ET but rather to the preceding or following IT reaction.
Herein, we introduce a reproducible and precise method of functionalizing soft interfaces with one nanoparticle thick gold nanofilms using an interfacial microinjection method. Subsequently, we provide an in-depth characterization of the interfacial redox catalysis between 5 ferri/ferrocyanide in the aqueous phase and ferrocenium/ferrocene in the organic phase at an adsorbed AuNP film by comparison of voltammetry and finite element simulations. A theoretical description of the observed processes in terms of Fermi level equilibration is presented as a general model for understanding interfacial redox catalysis.
RESULTS AND DISCUSSION
Fermi level equilibration and the kinetics of electron transfer across the soft interface. Let's consider a heterogeneous redox reaction between an aqueous redox couple O1/R1 and an organic redox couple O2/R2:
where n1 and n2 are the number of electrons exchanged for each redox couple. At equilibrium, the E is given by:
where o  is the Galvani potential of the organic phase. 
with
, the standard Galvani potential difference for the heterogeneous electron transfer,
given by:
Thus by polarizing the soft interface, we can change the potential of the organic redox couple (and also o F E ) with respect to the aqueous redox couple; now the concentration ratios of
will adjust so that equilibrium is attained once more. Let's now discuss the scenario when a metallic NP is adsorbed at the soft interface and in contact with two redox couples. If the latter are not in equilibrium, a mixed potential is established such that both the oxidation and reduction half-reactions proceed at the same rate on the surface of the metallic NP. We can consider the half-reactions:
where reduction (Eq. 6) and oxidation (Eq. 7) take place at the aqueous and organic sides of the interface, respectively, with the metallic NP acting as a bipolar electrode. The rates of both electrochemical reactions can be considered to follow a Butler-Volmer formalism using Fermi levels in solids and solutions instead of electrode potentials. These rates are governed by an 8 exponential term dependent on the difference between the Fermi levels of the electrons in solution and the electrons in the metal ( E F NP ), i.e. the driving force, the rate constant 0 k , which is driving force independent, and the surface concentrations of reacting species.
If we assume that back-reactions are negligible, the current 1 i for the reduction half-reaction (Eq. 6) is:
where 0 1 k is the potential independent rate constant,
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A is the area available for reaction (6) being either that of a single NP or of an "island" of electronically interacting NPs, Correspondingly, for the oxidation half-reaction (Eq. 7):
Note that the terms o F E and w F E contain the Galvani potentials for both phases. Additionally, as ET takes place from a higher into a lower Fermi level, we have
For floating metallic NPs in solution, the current for both reactions is the same, so 1 2 ii  (i.e., a key assumption is that the metallic NP is chemically insert in solution). Hence, at a steady state,
is controlled by the ratio of the two rate constants:
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If back reactions cannot be neglected, the situation becomes too complicated to be easily solved analytically, and numerical methods are required.
The influence of the different relationships between and O2/R2 are similar, then Eq. 14 simplifies to: In this case, the metallic NP is called a "reservoir of holes". it is also worth noting that this theoretical approach is equally applicable to homogeneous redox catalysis reactions, where both reactions take place in a single phase with a Galvani potential w  .
Functionalization of soft interfaces with mirror-like AuNP nanofilms.
An interfacial microinjection approach has been developed to deliver AuNPs to the interface and to considerably improve the control of the AuNP surface coverage in comparison with previously reported methods. The process involves three steps: (i) synthesis of citrate-stabilized AuNPs, (ii) concentration of these AuNPs by centrifugation and re-suspension of the concentrate in methanol and (iii) precisely controlled injection of the methanol suspended AuNPs at a soft water | trifluorotoluene (TFT) interface using a capillary and a syringe-pump to deliver a small volume of the methanol solution of AuNPs ( Figure 1A) . Previously, Park and co-workers used a syringepump to carefully inject pure ethanol at a water | hexane interface but without pre-concentrating the AuNPs in alcohol. Larger quantities of alcohol (milliliter versus microliter volumes used here) were required to achieve mirror-like AuNP films. 28 Interfacial AuNP nanofilms were formed with either 12 nm or 38 nm mean diameter AuNPs. All of the AuNPs injected into the electrochemical cell were retained at the soft interface, the latter can be seen in Figures 1B and 1C as clean, transparent and non-colorized solutions below and above the settled nanofilm. Thus, as the interfacial area, the concentration of the AuNPs in the methanol solution and the volume of AuNPs injected (controlled by the flow-rate and injection time period) were precisely known, an accurate control of the surface coverage of AuNPs was possible, as shown previously. 16 The precision of the method is mostly limited by the determination of the bulk AuNP concentration using Haiss and co-workers methodology based on UV-Vis spectra 40 and can be estimated as 5-7% of standard deviation. By this method, nanofilms of half a monolayer were prepared, with the surface coverage estimated from the hexagonal packing as 37 %.
Additionally, the presented method is scalable, appropriate for flat ( Figures 1B and C Scan-rate analysis using the Randles-Ševčík equation 43 
 
). 41 However, herein the IT reactions still exhibited reversibility and were not disturbed by a 30% surface coverage of the blocking layer ( Figure 2B ). is closer to unity in the presence of the nanofilm (Table   1 ). All electrochemical cells were prepared as described in Scheme 4B. Scan rate: 10 mV s -1 . According to the partially blocked electrode theory, the reaction kinetics appear more irreversible (larger separation of the peak potentials) with practically no effect on the peak currents driving ET from oil to water (positive current). When the sweep direction is reversed, the Fermi levels invert to drive ET from water to oil (negative current).
Interfacial redox catalysis at a polarized
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At AuNP nanofilm modified soft interfaces, the nanofilm can be treated as a bipolar electrode.
If the back-reactions are neglected, An additional feature of the AuNP nanofilm is the increased cross-sectional area of the reaction:
HET across the interface requires that both reactants come close enough to each other to allow ET from one molecule to the other. Hence, the rate of reaction also depends on the frequency of these encounters. However, with a gold island the electron donors and acceptors can charge and discharge the island upon contact. The latter increases the probability for ET as the AuNP islands provide a conductive interfacial route through which electrons can flow from the donor to acceptor molecules, circumventing the need for direct molecular encounters. Although the 30% coverage of the interface is probably not enough to allow electron conductivity through the whole film, there is local conductivity within the close-packed islands of NPs. This means that electrons injected into the film at the edge of the island can conduct through the island and be discharged at any point of contact. 
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CONCLUSIONS
METHODS
Reagents. All chemicals were used as received without further purification. All aqueous solutions were prepared with ultra-pure water (Millipore Milli-Q, specific resistivity 18.2MΩ·cm). 46 This method is a two-step process involving synthesis of small round-shape seeds followed by seed-mediated growth. The first step proceeds using a common procedure to prepare AuNPs. 47, 48 Briefly, 41.5 mg of HAuCl4·3H2O was dissolved in 300 mL of deionized water in a round-bottomed flask with stirring and the solution was heated to boiling point. 9 mL of a 1% w/v trisodium citrate solution was then rapidly injected to form 13 (±1) nm AuNPs. In the second step, a solution containing 4 mL of 20 mM HAuCl4·3H2O and 0.4 mL of 10 mM AgNO3 was prepared in 170 mL of deionized water. Next, 15 mL of the seed solution (prepared in the first step) was added. Finally, 30 mL of a 5 mM ascorbic acid solution was added in drop-wise manner under vigorous stirring using a syringe pump with a constant flow rate of 0.5 mL/min (60 min).
All AuNP suspensions were examined by UV/Vis spectroscopy on a Perkin Elmer Lambda respectively. 40 Tightly sealed bottles of AuNP suspensions in methanol were stable for weeks.
Step (ii): Silanization of the 4-electrode electrochemical cell. Prior to AuNP film preparation the electrochemical cell was silanized with dichlorodimethylsilane, as described previously. 49 Briefly, a certain volume Step ( Ion and electron transfer voltammetry. All IT and ET voltammetry measurements at the water | TFT interface were performed using a four-electrode cell following the configuration described previously by Hatay et al. 50 and illustrated in Scheme 4A. The different electrochemical cells investigated in this study are outlined in detail in Scheme 4B. Briefly, two platinum electrodes provide current and potential difference, whereas two pseudoreference Ag/AgCl electrodes allow measurement and correction of the polarization across the interface. TFT was chosen as the solvent as the water | TFT interface provides a larger window and is chemically both more stable and less toxic in comparison to chlorinated organic solvents. 51 Commercially available potentiostats, the PGSTAT 30 and PGSTAT 101 (Metrohm, Switzerland), were used. The Galvani potential difference, in accordance with the TATB assumption, 52 For all experiments 10 mM LiCl and 5 mM BATB were chosen as the aqueous and oil phase background electrolytes, respectively, and used to maintain electrical conductance. The organic reference solution (see Scheme 4) was 10 mM LiCl and 1 mM BACl in water. 
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A facile and precise microinjection method is introduced to controllably functionalize the interface between two immiscible electrolyte solutions with a film of gold nanoparticles in a cheap and scalable manner. Gold nanoparticles assemblies facilitate the kinetics of heterogeneous electron transfer between redox couples in either phase, which is discussed in terms of Fermi level equilibration theory. Deep understanding of catalysis by nanoparticles assemblies open a new venue towards performing reaction at various interfaces.
A facile and precise microinjection method is introduced to controllably functionalise the interface between two immiscible electrolyte solutions with a film of gold nanoparticles in a cheap and scalable manner. The metallised soft interface facilitates the kinetics of heterogeneous electron transfer between redox couples in either phase. The latter is discussed in terms of Fermi level equilibration between the molecular redox couples in either phase and the interfacial film of gold nanoparticles under the influence of an applied electric field across the soft interface. Such functionalized soft interfaces provide an ideal model system to probe the theory and experimental design underpinning catalysis of biphasic reactions by interfacial nanoparticulate assemblies.
